The present study was designed to assess the relationship be-
Since Frenk et a / . (7) reported in 1955 that an aminonucleoside of puromycin ( A M N ) was capable of regularly producing the nephrotic syndrome in the rat, this animal model has served as a useful model to study nlechanisms of proteinuria and edema formation. Edema formation in this disease is a complex interaction of multiple factors (17) . However, most investigators have directed their attention to the influence of absolute or relative glomerular insufficiency, tubular preponderance, and hormonal control of sodium and water reabsorption. Edema formation can occur in the absence of aldosterone (I I, 12, 23) . In a study by Herken et a/. (I I), intact and adrenalectomized rats with A M N nephrosis, infused orally with isotonic saline, showed decreased G F R and decreased sodium excretion, as well as increased fractional sodium reabsorption. The question of the relative importance of decreased glomerular filtration and increased tubular reabsorption of sodium and water thus was raised in the animal model. Godon (8) has demonstrated recently that saline loading fails to reduce fractional sodium reabsorption in rats with glomerulonephritis produced by immunization with glomerular basement membrane. Rocha and coworkers (20) showed increased fractional reabsorption of sodium from the proximal tubule of rats with glomerulonephritis but found that fractional reabsorption of sodium and fluid along the entire nephron was unaltered from that of controls. Decreased G F R resulted in decreased absolute sodium excretion. tween glomerular filtration and proximal tubular reabsorption of sodium and fluid in A M N nephrosis. Micropuncture methods were employed to evaluate changes in single nephron glomerular filtration rate, absolute rates of fluid reabsorption, fractional fluid reabsorption, intratubular pressures, and passage time along the proximal convolution. The data suggest that a decrease in the quantity of glomerular filtrate not accompanied by a proportional diminution in absolute proximal reabsorption leads to retention of fluid. This occurs despite a decrease in filtration fraction, and without changes in proximal tubular hydrostatic pressure.
METHODS
Nephrosis was produced in male Sprague-Dawley albino rats, weighing 150-250 g, by the intravenous administration of 10 mg/ 100 g body wt of 6-dimethyl-9-(3'-amino-3'-deoxy-PD-ribofuranosyl) purine. After the intravenous injection of aminonucleoside (saline in controls) into the tail vein, the animals were placed in individual balance cages and their weights, urinary output, and protein excretion monitored daily. Controls were pair-fed. The last 12 hr before renal function was to be studied, the animals were given no food but received water ad libitum. The data of urinary output and urinary protein excretion represent this 12-hr period in the unanesthetized rat (Table I) . Initial studies were performed in animals 3, 4, and 6 days after the injection of the aminonucleoside of puromycin and in pair-fed controls. Three days after A M N injection there was no proteinuria. By 4 days a morphologic and biochemical lesion was identifiable (24, 25) . Proteinuria had begun, but was mild (13) . There had been no weight gain and no observable edema, although sodium excretion was diminished. There was no ascites and inspection of the kidney revealed that surface nephrons were uniform in appearance. I n contrast, the 6-day animal had marked ascites and surface tubules were markedly variable in appearance and function (13) . Sodium retention and proteinuria were considerably increased.
Micropuncture techniques were employed to study single nephron function in animals 96 and 144 hr after the injection of aminonucleoside and in controls. The animals were anesthetized by an intraperitoneal injection of 80-100 mg/kg body weight of Inactin. The left and right external jugular veins were cannulated as was the trachea. The animal was placed on a heated animal table and a flank incision was made. The left kidney was exposed and freed from the adrenal gland and perirenal fat by blunt dissection. The renal capsule was left intact. The kidney was placed in a lucite cup, in vivo, and covered with a continuous drip of light mineral oil, warmed to 37-38', The ureter was cannulated. Physiologic saline (1% of body weight) was injected slowly intravenously to replace surigcal fluid losses, followed by a continuous infusion of saline at a rate of 0.01 ml/min. This fluid contained 14C-labeled inulin and p-aminohippurate (PAH) in sufficient quantities to deliver 30 pCi [14C]inulin/hr and to sustain a FLUID TRANSFER IN AMINONUCLEOSIDE NEPHROSIS Free-flow micropuncture was performed with micropipettes with tips of 10-12 wm (outside diameter). Light mineral oil, stained with Sudan black, was used to block the tubule distal to the site of collection. Intratubular pressure was measured manometrically with a Gauer mercury manometer following the technique as described by Wirz (26) and Gottschalk and Mylle (10) . Proximal fluid transit time was taken as the time between diffuse coloration of the kidney surface and appearance of the dye in the tip of the collecting pipette (22) . The end of the proximal convolution was chosen in all free-flow micro~unctures where absolute reabsorption was measured. This site \;as selected by observing lissamine green passage to a group of tubules surrounding an efferent arteriole, its tributaries arranged in a "star formation." This has been found by microdissection to correspond to 52-65s of the total proximal tubular length in 95% of cases (19) .
Glomerular filtration rate of individual nephrons, absolute rate of fluid reabsorption, and transit time, were measured in the same tubule. Individual nephron G F R and absolute rate of fluid reabsorption to the point of puncture were calculated from the rate of fluid collection in the micropipette and the tubular fluidto-plasma inulin concentration ratio (TF/PinUli,). Great care was taken to obtain quantitative collections. Samples were discarded when fluid accumulated on the kidney surface around the micropipette, when the oil block moved distally, or when spontaneous free inflow into the micropipette ceased.
Individual tubular and overall G F R were estimated with [14C]inulin carboxylic acid, analyzed in a Packard Tri-Carb liquid scintillation counter. Total renal plasma flow was estimated by measuring P A H clearances. p-Aminohippurate was analyzed calorimetrically by the method of Bratten and Marshall as modified by Smith (9) . Protein in serum and urine was estimated by a modification of the method of Lowry (15) . Statistical differences were tested using Student's t distribution. Table I illustrates overall data for those rats for which individual nephron measurements during free flow were obtained. G F R , as measured by inulin clearance, decreased significantly from 8.9 in controls to 7.1 ml/min. kg (-21%) at 4 days and to 3.0 ml/ min.kg (-66%) at 6 days after injection of A M N . P A H clearance increased slightly but significantly from 27.8 to 32.1 ml/ min. kg at 4 days and decreased to 19.4 ml/min. kg (-30%) in the 6-day rats. C p A H reflects a constant proportion of renal plasma flow at least early in the disease since E1'4H was 70.5 + 1.4% in four control animals and 69.8 * 1.3% in four 4-day rats. The filtration fraction (CIN/CP4H) was thus diminished from 0.32 to 0.22 at 4 days and to 0.15 at 6 days. Urine volume during the last 12 hr on balance was slightly diminished in the A M N animals. Urine sodium was measured in aminonucleoside rats during the 12 hr before the micropuncture study and in pair-fed controls. Sodium excretion was 0.35 * 0.06 pEq/min in 4-day A M N rats and 0.65 * 0.09 wEq/min in the control rats ( P < 0.01). The fully nephrotic rats sodium excretion was 0. I I pEq/min ( P < 0.01). Urine protein excretion increased significantly in A M N animals. Total serum protein was diminished slightly (Table 1) . Table 2 tabulates observations in individual nephrons in the same animals. G F R in control rats averaged 32.6 nl/min and was reduced 36% in 4-day aminonucleoside animals. Absolute reabsorption to the end of the proximal convolution, on the other hand, was essentially unaltered from control levels despite the reduction of G F R . Fractional reabsorption, as illustrated by T f / P inulin ratios measured at the end of the proximal convolution, was thus increased from a mean of 1.84 in control to 2.85 in 4-day aminonucleoside rats. In the 6-day rats at least two populations of surface tubules were apparant. Fifty to 70% of the nephrons appeared to be .normal in size. These had a G F R averaging 21.4 nl/min and an absolute reabsorption to the end of the proximal convolution of 15.5 nl/min.Tf/P inulin ratio was 3.80. The second population of tubules were widely dilated, had sluggish flow, and had markedly increased intratubular pressure. N o accurate measurements could be made in these tubules since they collapsed with a rush of fluid into the collecting pipette as soon as they were punctured. Furthermore, transit time could not be measured in these nephrons since Lissamine green entered them slowly and without a clear wave of appearance or disappearance.
RESULTS
Proximal tubular pressure was unaltered in aminonucleoside animals (12.1 & 0.2 in 18 observations) when compared with controls (1 1.8 & 0.1 in 16 observations) when normal sized tubules were tested. Dilated tubules had elevated pressures but they could not be measured by the manometric method available since they collapsed promptly after puncturing. Transit time to the end of the proximal convolution was markedly prolonged in aminonucleoside animals, averaging 16.7 sec in 4-day and 18.6 sec in 6-day rats, whereas control transit times averaged 10.3 sec. All transit times were measured during the quantitative fluid collection during the free flow and in the same tubule.
DISCUSSION
The diminished sodium excretion observed in a~ninonucleoside nephrosis is undoubtedly due to a complex interaction of multiple factors. Urinary sodium may fall before the appearance of hypo- (21) have shown that direct changes in colloid oncotic pressure lead to changes in absolute reabsorption. Increased peritubular colloid oncotic pressure leads to increased proximal tubular fluid reabsorption and decreased peritubular colloid oncotic pressure to decreased reabsorption. In the present study filtration fraction was significantly decreased in the aminonucleoside animal, a circumstance that would be expected to lead to a decrease in absolute reabsorption. In addition, plasma protein concentration is decreased in the 6-day A M N rats, which might also lead to a diminished peritubular colloid oncotic pressure.
The reason for the failure of absolute reabsorption to be decreased in the proportion to the decrease in G F R in the presence of a number of natriuretic conditions can only be speculated upon at present. One possibility is that there might be an internal redistribution of blood flow or glomerular filtrate. Clearance of PAH as measured in this study is the whole kidney clearance of P A H . Thus, the filtration fraction calculated from overall clearance of inulin and of PAH reflects the filtration fraction for the whole kidney. Because all tubular punctures were performed on surface proximal convolutions, it is possible that the filtration fraction of surface nephrons may have differed from that in the juxtamedullary nephrons. The dilated tubules in the rats studied 6 days after aminonucleoside injection had extremely low flow and unmeasurable GFR. The filtration fraction for the dilated nephrons must thus be extremely low or in some cases, 0. The filtration fraction for the normal sized tubules is likely therefore to be unaltered from controls or even elevated. Overall filtration fraction is thus a poor estimate of individual nephron filtration fraction in this model.
Changes in hydrostatic pressure gradients are not revealed by measurements of intratubular pressure in normal sized tubules. However, since the linear velocity of flow was diminished in the proximal tubules of aminonucleoside animals (as reflected by the passage time) and since volume flow was decreased (as reflected by individual nephron GFR), it is apparent that the proximal tubular radius was not decreased in proportion to the reduction in volume flow. Since intratubular pressure was not increased, this might suggest a change in the compliance of the tubular wall or in peritubular capillary pressure.
Another factor that might influence reabsorption would be a change in hydraulic conductance of the tubular or peritubular barrier. An increased permeability of the peritubular capillary wall might lead to increased net reabsorption at any given level of balance of Starling forces. Hypovolemia, if present, might result in decreased peritubular hydrostatic pressure which would favor increased reabsorption. N o direct measurements of peritubular pressure were made during this study to assess that possibility.
S U M M A R Y
The data .indicate that in early aminonucleoside nephrosis (4 day), glomerular filtration rate is diminished. This is associated with an unchanged clearance of PAH and intratubular pressure. Absolute rates of fluid reabsorption to the end of the proximal convolution are unaltered. A decreased glomerular load, associated with an unaltered absolute rate of fluid reabsorption, leads to increased fractional reabsorption of solute and water. In rats with fully developed A M N nephrosis (6 day), marked nephron heterogeneity is apparent. Many nephrons are dilated and minimally or nonfunctional. Those which remain normal in appearance have decreased GFR but unaltered rates of absolute fluid reabsorption and increased fractional reabsorption. GFR reduction and redistribution of filtrate or blood flow as well as locally increased filtration fraction may contribute to the genesis of edema in this model. Other complex and unresolved factors surely also come into play as the disease progresses.
